The granulation of nitrifying sludge in a sequencing batch reactor (SBR) fed with NH 4 + -N-laden inorganic wastewater was investigated. After 120-day operation spherical and elliptical granules with an average diameter of 0.32 mm were observed.
Introduction
Nitrogen compounds like ammonia and nitrate can be found in many wastewaters and need to be removed in order to prevent oxygen depletion and eutrophication of surface waters. Nitrification, the biological oxidation of ammonia, was described already a century ago. Extensive reviews on autotrophic nitrification and nitrogen treatment plants due to their very low growth rates.
In order to solve the problem, various techniques for retaining nitrifying bacteria with high density in a reactor have been recently proposed, e.g., entrapment in a hydrogel matrix of polyvinyl alcohol (Myoga et al., 1991) or polyethylene glycol (Sumino et al., 1992; Isaka et al., 2007) . However, development of a simpler and more effective immobilization method for nitrifying bacteria is still demanded.
Aerobic granulation represents an innovative cell immobilization strategy in biological wastewater treatment and it is attracting increasing interests (Beun et al., 1999; Zheng et al., 2005; Su and Yu, 2005; Wang et al., 2007; Liu et al., 2009) .
Aerobic granules are self-immobilized microbial aggregates that are usually cultivated in sequencing batch reactors (SBR) without adding a carrier material. Many researchers reported aerobic granulation for efficient treatment of organic wastewater (Zheng et al., 2005; Su and Yu, 2005; Wang et al., 2007) . However, the information on the nitrifying bacteria granulation with inorganic wastewater rich in ammonium is limited (Tsuneda et al., 2003; Liu et al., 2008; . Tsuneda et al. proved that nitrifying bacteria could be self-immobilized in an aerobic upflow fluidized reactor. Spherical, pseudocubic and elliptical granules with a diameter of 0.35 mm were produced at the bottom of the reactor after 300 days of operation. The reactor 4 was operated continuously at a hydraulic retention (HRT) of 7.6 h and influent NH 4 + -N of 500 mg/l. Liu et al. also cultivated nitrifying granules in an SBR (Tsuneda et al., 2003) . Although autotrophic nitrifying granules for nitrification have been developed, the formation of nitrifying granules and the distribution of ammonia-oxidizing bacteria (AOB) and nitrite oxidizing bacteria (NOB) in the nitrifying granules are still not clear up to now yet.
Therefore, the main objective of this work was to cultivate nitrifying granules in an SBR and elucidate the distribution of AOB and NOB in the granules. The physical properties of granules, such as hydrophobicity of cell surface, settling velocity and specific gravity, were also investigated. It is expected that the work would be useful to better understand the mechanisms responsible for the granulation of nitrifying cultures and apply them for the treatment of NH 4 + -N-laden inorganic wastewaters.
Materials and methods

Reactor set-up and operation
The SBR had a working volume of 3.4 l with an internal diameter 6.0 cm and a height of 130.0 cm. The reactor was operated for 6 h each circle with a HRT of 12 h. A synthetic wastewater was used based on the previous studies (Tsuneda et al., 2003; Liu et al., 2008) . This wastewater, with a similar characteristics to tannery wastewater (Carrera et al., 2003) 
Identification of nitrifying bacteria composition
The granule samples, taken from the reactors on the 180 th day, were fixed in 4% freshly prepared paraformaldehyde solution for 6 h at 4 o C and then washed twice with 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   6 phosphate-buffered saline (PBS). The granules were then exposed to 50% ethanol in PBS for 12 h at -20°C. The fixed granules were dehydrated by successive passages through 50, 80, and 100% ethanol (three times), 50:50 (vol/vol) ethanol-tert-butyl alcohol, and 100% tert-butyl alcohol (three times) and embedded in melted paraffin wax. The sections of 20 µm thick were cut with a rotary microtome and mounted on gelatin-coated glass slides. The sections were dewaxed through 100% xylene (two times) and 100% ethanol (two times). After air drying at room temperature, hybridization was conducted following the established method (Sekiguchi et al., 1999) .
A ROX-labeled NSO190 probe (5′CGATCCCCTGCTT TTCTCC3′) targeting
AOB and a FITC-labeled NIT3 probe (5′CCTGTGCTCCATGCTCCG3′) targeting
Nitrobacter were used. The hybridization image was captured using a fluorescence microscope (Leica, DM6000B). For quantitative analysis of FISH images, about 10 images were scanned and averaged by image processing software (IMT i-Solution, version 3.0).
Analysis
The MLVSS and SVI were measured according to the Standard Methods (APHA, 1998). Ammonium, nitrate and nitrite concentrations were determined colorimetrically following the Standard Methods (APHA, 1998). Changes in morphology of the granules, size, specific gravity, cell hydrophobicity and settling velocity were determined according to the methods reported by Su and Yu (2005) .
Results and discussion
Formation of nitrifying granules
The seeding sludge with a mean floc size of 0.10 mm had a fluffy, irregular and loose-structured morphology. After 120-day operation, spherical and elliptical granules were formed. These granules increased in size and their average diameters reached 0.32 mm. The nitrifying granules had a compact and round-shaped structure with a clear outer shape. No filamentous bacteria were observed on the granule surfaces.
The aerobic granulation, i.e., from dispersed sludge to mature granules, is a gradual and slow process. Previous studies showed that the settling time had a significant influence on the aerobic granulation and that a short settling time was favourable for the granule formation (Lei et al., 2004) . The settling time required for successful aerobic granulation would not be longer than 5 min. However, for a too short settling time a large volume of nitrifying population could not be maintained efficiently for the granulation because of their low growth. Thus, the settling time of the SBR was gradually decreased from 20 to 8 min. When the biomass concentration and SVI reached a pseudo-steady state, the settling time was fixed at 8 min. The changing patterns of MLVSS and SVI in the continuous operation of the SBR are 40 (Fig. 1) . The initial SVI of seeding sludge was 42.8 ml/g. As shown in Fig. 1 , the SVI first gradually increased and then decreased. At the end of experiment, the SVI decreased to only 36.4 ml/g, suggesting that the mature granular sludge had a more excellent settling capacity compared with the seeding sludge.
It took a long time period for the nitrifying bacteria with low growth rates to become granulation. Washout of flocs from an SBR is one of the essential strategies for aerobic granulation. Suitable aeration volume and hydrodynamic shear force are usually favorable to promote the nitrifying granulation (Tay et al., 2001 ). The present study demonstrates that at an HRT of 12 h, an air flow of 3.0 l/min, settling time of 8 min and a load of 0.235 kg NH 4 + -N /l/d were appropriate to the formation of nitrifying granules. Table 1 summarizes the characteristics of the seeding sludge and the nitrifying granules at the end of experiment. The specific gravity of sludge increased from 1.005 g/cm 3 at the beginning of the experiment to 1.018 g/cm 3 . Such a significant improvement of specific gravity indicates their highly compact structure. The 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 Figure 2 illustrates the FISH images of the nitrifying granules collected from the SBR on day 180. The nitrifying granules were simultaneously hybridized with NSO190, AOB domain specific probe, labeled with ROX ( Fig. 2b) and NIT3, Nitrobacter domain specific probe, labeled with FITC (Fig. 2c) . The FISH images (Fig. 2a) illustrate that the AOB were found close to the granule surface, while that the NOB, i.e., Nitrobacter, were found in the deeper layer of granules, which might take advantage of the product (nitrite) formed by the AOB. Quantitative FISH image analyses of samples on day 180 show that the AOB occupied 62.7-63.6% in the total bacteria, while Nitrobacter occupied only 14.8-15.5%. operating cycle of the SBR is illustrated in Fig. 3 . The NH 4 + -N concentration decreased rapidly and input NH 4 + -N was converted to nitrite and nitrate. Furthermore, a temporary nitrite accumulation with respect to nitrate formation was observed, indicating that activities of both AOB and NOB in granules were high. The results without nitrite accumulation suggest that, in addition to Nitrobacter, other NOB might also be present in the granules, converting nitrite to nitrate. Recently, Nitrospira has been found to play a role in nitrite oxidation in engineered systems (Kim and Kim, 2006) . Coskuner and Curtis (2002) reported that Nitrospira and Nitrobacter could be coexisted in a full scale activated sludge plant. Thus, both Nitrospira and Nitrobacter might be present in the nitrifying granules.
Comparison between seed sludge and nitrifying granules
FISH image analysis of nitrifying bacteria
The maximum number of the AOB and Nitrobacter occupied 79.1% of the total bacteria, suggesting that other AOB, NOB and heterotrophs might exist in nitrifying granules, despite of no organic matter in the feeding solution. Extracellular polymeric substances, produced by these heterotrophs, could be favorable to nitrifying granulation through stabilizing the scaffold of the granule and maintaining the three-dimensional structure (Tsuneda et al., 2003) . 2.0343 0.0555
Kinetics of substrate utilization
The K m value represents the NH 4 + -N level required to reach 50% of the maximum NH 4 + -N utilization rate and could be used for adjusting the most appropriate NH 4 + -N level. The v m value of 18.00 mg/g-VSS/h is significantly higher than a value of 3.29 mg g-VSS/h in an airlift reactor as reported by Carvallo et al. (2002) . This difference suggests that the nitrifying granules cultivated in the present work had a high nitrification rate. Thus, taking into account both NH 4 + -N utilization rate and removal efficiency together, an NH 4 + -N concentration range of 100-250 mg/l was appropriate for the effective operation of the SBR with nitrifying granules.
Conclusions
 After 120-day of operation, compact nitrifying granules were formed. Their surface hydrophobicity, settling velocity and specific gravity increased with the sludge granulation.
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